ABSTRACT This paper investigates the uplink of multi-user massive multi-input multioutput (MIMO) systems with a mixed analog-to-digital converter (ADC) receiver architecture, in which some antennas are equipped with costly full-resolution ADCs and others with less expensive low-resolution ADCs. A closedform approximation of the achievable spectral efficiency (SE) with the maximum-ratio combining detector is derived. Based on this approximated result, the effects of the number of base station (BS) antennas, the transmit power, the proportion of full-resolution ADCs in the mixed-ADC structure, and the number of quantization bits of the low-resolution ADCs are revealed. Results show case that the achievable SE increases with the number of BS antennas and quantization bits, and it converges to a saturated value in the high user power regime or the full ADC resolution case. Most important, this work efficiency verifies that for a massive MIMO, the mixed-ADC receiver with a small fraction of full-resolution ADCs can have comparable SE performance with the receiver with all full-resolution ADCs but at a considerably lower hardware cost.
I. INTRODUCTION
Massive multi-input multi-output (MIMO) systems, in which the base station (BS) is equipped with a large number of antennas, have emerged as a promising technology for 5G systems because of their significant advantages in energy efficiency and spectral efficiency (SE). However, the huge hardware cost of the processing units associated with the antennas is a major issue in their practical implementation. This motives the use of low-resolution analog-to-digital converters (ADCs) with favorable low cost and low power consumption, especially when the number of BS antennas is large or the sampling rate is high (e.g., in the GHz range) [1] , [2] , [4] . For example, in [2] , an approximated achievable rate for massive MIMO system with low-resolution ADCs was derived for Rayleigh fading channel. Authors in [4] considered Rician fading channels (of which Rayleigh fading is a special case) and also studied the achievable SE of MIMO system with low resolution ADCs. Both results showed that the achievable SE of massive MIMO systems with 1-bit resolution ADCs is considerable lower than those with high resolution ones. Furthermore, as recently reported in [5] , a massive MIMO receiver with pure low-resolution ADCs suffers from considerable rate loss in the high-SNR regime.
When all ADCs have low resolution, time-frequency synchronization and channel estimation are challenging and require excessive overhead [1] , [6] . In [1] , a mixed-ADC receiver architecture was proposed for massive MIMO systems, in which a fraction of the ADCs has full-resolution to promote system performance, and the others have lowresolution in consideration of the hardware cost and energy consumption. In [6] , the mixed-ADC receiver architecture was developed for multiuser massive MIMO systems, in which a family of Bayes detectors were developed by conducting Bayesian estimate of the user signals with generalized approximate message passing algorithm. By analyzing the general mutual information (a useful lower bound on the channel capacity with mismatched decoding) [7] , the authors demonstrated that such mixed-ADC architecture can significantly improve system performance with only a small number of full-resolution ADCs. As massive MIMO is a newborn technology, further studies on the achievable spectral efficiency (SE) in massive MIMO with a mixed ADC receiver architecture are of special interest.
In this paper, we aim to analyze the uplink achievable SE of multi-user massive MIMO systems with a mixed-ADC receiver architecture. We adopt the low-complexity maximum-ratio combining (MRC) detection and derive a closed-form approximation of the achievable SE. The result reveals the effects of important system parameters, including the number of BS antennas, the user transmit power, the number of quantization bits of the low-resolution ADCs, and the proportion of full-resolution ADCs in the mixed structure, on the achievable SE. Simulations show that the derived approximation is tight when the transmit power is less than 10 dB or when the number of quantization bits is moderate to high. Our work also shows that the mixed-ADC massive MIMO receiver with a small fraction of fullresolution ADCs can have comparable SE performance to the receiver with all full-resolution ADCs.
II. SYSTEM MODEL
We consider a single-cell multi-user massive MIMO uplink with N users and M (M N ) receiver antennas at the BS. A mixed-ADC architecture is used at the receiver to save on hardware cost. The receiver has M antenna elements. However, only M 0 antennas are connected to the costly full-resolution ADCs, and the remaining M 1 (where M 1 = M − M 0 ) antennas are connected to the less expensive low-resolution ADCs. Define κ M 0 /M (0 ≤ κ ≤ 1), which is the proportion of the full-resolution ADCs in the mixed-ADC architecture.
Let G be the M ×N channel matrix from the users to the BS. The channel matrix is modeled as
where H ∈ C M ×N contains the fast-fading coefficients, whose entries are independent and identically distributed (i.i.d.) complex Gaussian random variables with zero-mean and unit-variance denoted CN (0, 1), and D is an N × N diagonal matrix with diagonal elements given by
Here, β n = z n r −γ n models both path loss and shadowing, where r n is the distance from the nth user to the BS, γ is the decay exponent, and z n is a log-normal random variable. For the ease of expression, we denote G = [G 0 G 1 ] T , where G 0 is the M 0 × N channel matrix from the users to the M 0 BS antennas with full-resolution ADCs, and G 1 is the M 1 × N channel matrix from the users to the M 1 BS antennas with low-resolution ADCs.
Let p u be the average transmitted power of each user and x be the N × 1 vector of information symbols. The received signals at the full-resolution ADCs can be given by where n 0 ∼ CN (0, I) is the additive white Gaussian noise (AWGN). The received signals at low-resolution ADCs are quantized each with a b-bit scalar quantizer. In general, the quantization operation is nonlinear, and the quantization error is correlated with the input signal. For a tractable analysis, we apply the additive quantization noise model [7] , [8] which is widely used in quantized MIMO systems. This model enables standard linear processing and Gaussian decoding at the decoder and shows to have good accuracy, especially for low SNR regime [2] , [8] . With the additive quantization noise model, the received signals at the low-resolution ADCs can be approximated by
where n 1 ∼ CN (0, I) is the AWGN, n q is the additive Gaussian quantization noise vector that is uncorrelated with y 1 , and α is a coefficient. For the non-uniform scalar minimum-mean-square-error (MMSE) quantizer of a Gaussian random variable, the values of α are listed in Table 1 for b ≤ 5. For b > 5, the values of α can be approxi- [3] . Note that α = 1 as b → ∞. From (2) and (3), the overall received signals at the BS can be expressed as
where the overall received signals vector y is a M × 1 vector that consists the received signals through both the low-and full-resolution ADCs. We assume that the BS has perfect channel state information (CSI), which can potentially be obtained, e.g., through exploiting uplink channel feedback in frequency division duplexing systems or channel reciprocity in time division duplex systems. The MRC linear detector is adopted at the BS since compared to other linear detectors, such as the zero-forcing and linear MMSE schemes, MRC detector has significantly lower computational complexity since it does not involve matrix inverse calculations. By using (4), the received signal vector after the MRC combination is given by
which can be further expressed as
From (6), the nth element of r can be expressed as (7) shown at the top of the next page, where g n0 and g n1 are the nth columns of G 0 and G 1 , respectively.
(11)
III. ACHIEVABLE SE ANALYSIS
In this section, we derive an closed-form approximation for the achievable SE of the multi-user massive MIMO uplink with the mixed-ADC receiver architecture. Based on this derived SE result, the behaviors of the system SE with respect to several parameters are revealed including the number of BS antennas, the user transmit power, the number of quantization bits of the low-resolution ADCs, and the ratio of fullresolution ADCs in the mixed-ADC architecture. According to (7), with straightforward calculations, the achievable SE of the nth user can be expressed by
where | · | stands for the absolute value operation and
is the interference power. For a rigorous analysis of the achievable SE, the probability density function (pdf) of the SINR, which is the second term inside the log-function in (8) , is needed. This rigorous analysis is highly challenging, if not impossible, because of the complicated expression. Alternatively, we seek for a tight approximation of the achievable SE by taking advantage of the large-scale of the massive MIMO syetem. Our main result on the achievable SE is presented in the following theorem. 
Proof: For a large but finite M , we can use the approximation [9] : E log 2 1 + X Y ≈ log 2 1 + E{X } E{Y } for independent random variables X and Y that converge to their means with probability one as M → ∞. Thus, R n can be approximated by (11) shown at the top of this page, where · and Re(·) stand for Euclidean norm and real part operation, respectively.
Next, we calculate the expectation of each term. From the channel model in (1), we have
where the entries of h nj are i.i.d. following CN (0, 1) and the subscript j equals to 0 or 1. Moreover, h nj and h ij are independent for n = i. Thus, with straightforward calculations, we
The quantization noise term in (11) can be calculated as follows:
where R n q is the covariance matrix of n q . Following the results in [2], we have
Substituting the above calculation results into (11), R n can be further written as (15) shown at the top of this page. After some basic manipulations, R n can be simplified as the desired result. From Theorem 1, it is obvious that the achievable SE in (10) is a function of the total number of antennas M , the user transmit power p u , the proportion of the number of full-resolution ADCs in the mixed-ADC structure κ, and the number of quantization bits b. We see that the SE increases as the user transmit power and the total number of antennas regardless of the values of κ and α, which is a natural VOLUME 4, 2016 phenomenon for the massive MIMO system. In addition, we observe that b affects the SE through the quantization coefficient α. The value of α increases as b increases, which boosts the achievable SE. When b → ∞, the value of α converges to one, in which case the quantization error brought by the low-resolution ADCs disappears, and κ affects on both the signal power and the quantization noise power because it appears in both the numerator and the denominator of the SINR. A higher κ not only increases the desired signal power but also reduces the quantization noise effect, which improves the achievable SE.
We start by investigating the impact of the proportion of the full-resolution ADCs on the achievable SE. By differentiating the SINR term in (10) with respect to κ and after straightforward manipulations, we obtain ∂SINR/∂κ > 0. That is, the SINR is a monotonically increasing function of κ. This implies that increasing the number of full-resolution ADCs benefits the achievable SE. However, more full-resolution ADCs means higher hardware cost and power consumption. Our result in (10) reveals the natural tradeoff between performance and cost for the massive MIMO receiver.
The following results analyze the two extreme cases of κ = 1 and κ = 0. When κ = 1,R n in (10) reduces tõ
This is the case that all ADCs have full resolution, thus the hardware cost and power consumption of the system are at the maximum. This case is considered in most existing works on massive MIMO. Our SE result in (16) is consistent with the previous result in [9] for a full-resolution ADC massive MIMO receiver. Moreover, the achievable SE for the κ = 1 case is the same as that in (10) for α = 1. When κ = 0, R n in (10) reduces tõ
This is the case that all ADCs have a low resolution, thus the system has low hardware cost and power consumption but has reduced the achievable SE. The result in (17) is consistent with the conclusion in [2] . Finally, we consider the case of high transmitter power regime. In this case,R n in (10) becomes
This shows that as the transmit power grows without bound, the SINR and achievable SE are limited and converge to finite values. The reason is that the system becomes interferencelimited in the high transmit power regime. Both the signal power and the interference power increase as the user power increases, whereas the noise effects diminishes.
IV. NUMERICAL RESULTS
In this section, we provide simulation results on the total uplink achievable SE, which is defined as R = N n=1 R n . We consider a circular cell with a radius (from center to edge) of 1000 meters and the users are located in a ring region at a guard zone of 100 meters with a random distribution, the number of users is set to 10, the decay exponent is γ = 2.1, and the shadow-fading standard deviation is σ shad = 4.9 dB. The coefficients of the users' largefading β i (i = 1, . . . , 10) are randomly generated as follows: In Fig. 1 , the simulated total uplink achievable SE in (8) is compared with its approximation in (10). Four cases are considered:
We can see from the figure that the approximate formula is very tight in the transmit power regime of p u < 10 dB. All cases have close SE in the low power regime and increase with the user transmit power. However, their gap becomes relatively obvious in the high power regime. As expected, the system with full-resolution ADCs has superior SE performance to that with a mixed-ADC architecture. Compared with Case 1, the SE of Case 2 has only 4.5% loss at p u = 30 dB, but Case 2 is highly more economical as the receiver only uses 10 full-resolution ADCs and the remaining 118 ADCs have low-resolution, thus greatly reducing the hardware cost. Case 3 has poor performance because it adopts pure low-resolution ADCs. We choose to show the performance of Case 4 in this figure since it has a similar hardware cost as Case 2. The figure shows the advantage of the mixed-ADC structure with similar cost. The advantage comes from the more spatial diversity provided by the more number of BS antennas. Moreover, we discuss the energy consumption of different cases. With the energy consumption 2 presents the approximated results for the total achievable SE and the numerical results for various numbers of quantization bits. The approximation is relatively loose when the quantization bit of the low-resolution ADC is small, i.e., b = 2. This is because the quantization error is high and has non-linear behaviour with a low number of quantization bits. Moreover, the figure shows that the achievable SE increases with the number of quantization bits and converges to the SE with full-resolution ADCs. Fig. 3 depicts the approximated results for the total achievable SE against κ when b = 2, 4, and 12 bit, respectively. The total achievable SE increases with κ. The increasing speed of the achievable SE is much faster for smaller b. This implies that the achievable SE can be improved by simply increasing the number of antennas with full-resolution ADCs for small b. For large b, i.e., b = 12, the total achievable SE remains constant as the quantization error is negligible.
V. CONCLUSION
This paper investigated the uplink achievable SE of a massive MIMO mixed-ADC architecture and MRC detector. Based on the additive quantization noise model for the ADC quantization, a closed-form approximation on the achievable SE was derived. Our results revealed that the approximated formula is very tight when the user transmit power is less than 10 dB. Moreover, the achievable SE increases with the number of BS antennas and quantization bits, and it converges to a saturated value as the user power increases or the ADC resolution increases. We conclude that the mixed-ADC structure can bring most of the desired performance enjoyed by massive MIMO receivers with all full-resolution ADCs, but at significantly reduced hardware cost. 
